New radiocarbon-dated cores obtained by Vibracorers in the western Gulf of Maine confirm that a short-lived, relative sea-level lowstand of ϳ؊55 m occurred at 11-10.5 ka. These cores and younger salt-marsh data also reveal that rates of transgression varied throughout the Holocene, probably due to local variations in glacial isostasy. The isostatic component is resolved by subtracting published approximations of eustatic sea level from our well-determined observations of local relative sea level. A large peak in the isostatic curve coincides with the lowstand and is interpreted as a forebulge 20 -25 m in amplitude. Forebulge migration is estimated at 7-11 km/100 yr, based on the timing of lowstands across the region.
INTRODUCTION
Isostatic rebound, related to retreat of the Laurentide ice sheet, dominates late Quaternary relative sea-level changes in the Gulf of Maine and Atlantic Canada. It has long been suggested that large ice sheets depressed the lithosphere and displaced underlying material, creating a peripheral forebulge (Daly, 1934) . Upon deglaciation, collapse and migration of the forebulge uplifted formerly depressed areas while at the same time causing subsidence around the periphery of the former ice sheet (Dillon and Oldale, 1978; Pardi and Newman, 1987) . These patterns of postglacial submergence and emergence characterize relative sea-level changes in the region, and they vary depending on the location of a particular site relative to the ice margin (Quinlan and Beaumont, 1981) . The timing and magnitude of maximum emergence, or sea-level lowstand, at these sites differ widely (Fig. 1) , probably due to variations in ice thickness and timing of deglaciation. Estimates range from Ϫ65 m at 11.65-11.25 ka on the Scotian Shelf (Stea et al., 1994) , Ϫ43 m at 12 ka in Massachusetts (Oldale et al., 1993) , Ϫ25 m at 10.5-8.5 ka in Newfoundland (Forbes et al., 1993) , to Ϫ5 m at 7-6 ka in Quebec (Dionne, 1988) . Although poorly determined in most areas, these values are critical for the reconstruction of ice sheets and geophysical models of Earth's interior (Peltier, 1994 ).
Maine's coastal zone and inner continental shelf have undergone two marine transgressions separated by a regression over the past 14 ka (Belknap et al., 1987; Kelley et al., 1992) . Initially, the sea, in contact with the retreating ice, transgressed across the isostatically depressed crust, and glacial-marine sediment was deposited over wide areas (Bloom, 1963) . Glacial-marine deltas mark the highstand shoreline and probably formed in a time-transgressive fashion. They are currently found at elevations ranging from ϳ70 m in midcoastal areas to at least 128 m in the interior, where ice was thicker and rebound greater (Thompson et al., 1989) . Increased rates of isostatic rebound halted the first transgression ϳ13.0 ka. Fossils in emergent glacial-marine sediment outline a rapid early regression, which passed the present coast ϳ11.5 ka (Anderson et al., 1990) . Below present sea level, however, evidence of regression has remained ambiguous. ''As has been stated, the shoreline withdrew to below the modern stand, on account of the rapid upwarping of the land, but how far and for how long a time is not exactly known'' (Antevs, 1928, p. 333) . Since then, numerous investigators (Bloom, 1963; Schnitker, 1974; Knebel and Scanlon, 1985; Belknap et al., 1987) have estimated the depth of the lowstand, but none firmly established its age. The best evidence consists of relict shorelines and the paleodelta of the Kennebec River, now submerged at depths of 50 -65 m (Shipp et al., 1991) . Cores collected recently from these features (Kelley et al., 1992) revised estimates of the lowstand and revealed variations in rates of early Holocene transgression. Saltmarsh peats also revealed fluctuating rates of transgression in the mid-to late Holocene (Gehrels and Belknap, 1993) . This paper presents new data that establish firmly the timing and depth of the lowstand in Maine. These data, linked with a detailed chronology based on nearby salt-marsh peats, form the most complete set of sea-level data derived from a single locality in eastern North America.
METHODS
Stratigraphic interpretations were based on 303 km of highresolution seismic reflection profiles (Ocean Research Equipment Geopulse boomer), ground-truthed with 43 10-cm-diameter cores (Rossfelder Vibracorers) (Barnhardt, 1994) . Salt-marsh peats were sampled with a 7.6-cm-diameter Vibracorer. Former sea-level positions were determined on the basis of individual radiocarbondated plant fragments and associated foraminiferal assemblages (Gehrels, 1994) . Elevations were measured by precision depth recorder offshore and were surveyed relative to nearby benchmarks onshore.
Data Repository item 9516 contains additional material related to this article. 
RESULTS
Cores on the inner continental shelf (Table 1   1 ) yielded 11 radiocarbon dates. Core 92-13 penetrated seaward-dipping, clinoform reflectors (foresets) at a depth of 55 m on the margin of the Kennebec River paleodelta (Fig. 2) . The upper 2.40 m is a massive, dark gray, muddy sand. The lower 3.51 m consists of fining-upward, rhythmically bedded packages of bluish-gray sand and mud, which range from 1 to 20 cm thick and exhibit sharp basal contacts. A layer of shell fragments at 1.79 m in the core contained barnacle plates from a littoral species (Balanus balanoides) that returned a 14 C date of 10 680 Ϯ 160 yr B.P. at a depth of 57 m (Fig. 3 ). An articulated bivalve (Nucula tenuis) was observed in life position at 5.41 m in the same core and was dated as 10 850 Ϯ 45 yr B.P. at a depth of 60 m. Nearby, a second core penetrated a strong seismic reflector at Ϫ53 m. Dated wood fragments place the maximum age of the erosional surface, interpreted as the regressive basal unconformity, at 10 310 Ϯ 60 yr B.P. The remaining dates, including several from other nearby embayments (Table 1) , were obtained on wood and specimens of intertidal to shallow subtidal bivalves (Macoma balthica, Mya arenaria, Mytilus edulis). These range from 7.1 to 8.7 ka at depths of 17 to 26 m, and they agree with earlier data (Kelley et al., 1992) .
The sea-level chronology after 7.1 ka relies on nine radiocarbon-dated peat samples from salt marshes near the mouth of the Kennebec River, and one from ϳ30 km away (Table 2 ; see footnote 1). Seven samples directly overlie a hard substrate, ruling out displacement by autocompaction. We estimated a compaction error of 10% of the original peat thickness for the remaining in-core samples. A mean high-water curve should lie within an envelope enclosing the error boxes (Fig. 3, inset) . The data show a steep rate of rise before 5.0 ka, followed by a sharp deceleration.
DISCUSSION
Relative sea level (RSL) consists of two components, one due to eustatic adjustment of the ocean (E) and the other due to isostatic deformation of Earth's surface (I). The elevation of the crust at any one time is derived from the relation I ϭ E Ϫ RSL. Previous attempts to evaluate isostasy in Maine had poor chronological control and depicted a smoothly decelerating regression followed by an equally smooth, relatively symmetrical transgression (Schnitker, 1974; Belknap et al., 1987) . However, our new data now tightly determine relative sea-level changes, enhancing resolution of the isostatic signal. We used the work of Fairbanks (1989) as the best approximation of eustatic sea level, fully recognizing its limitations (Peltier, 1994) . A true ''eustatic'' curve does not exist; it is an approximation that contains unknown factors, including geoidal variability, local isostasy, and thermal expansion of seawater.
A prominent peak in the isostatic curve coincides with the lowstand and is interpreted as a forebulge 20 -25 m in amplitude (Fig. 4) . Maximum emergence, or lowstand, occurred as the crest of the forebulge passed beneath the study area at 11-10.5 ka. The transition from sea-level fall to rise was rapid. In our analysis, the ensuing, rapid submergence (ϳ22 mm/yr) required a temporary stillstand or reversal of uplift, which is attributed to the passage of a trough behind the main crest of the forebulge. Stea et al. (1994, p. 150 ) also invoked crustal depression to explain the initial rapidity of submergence in Nova Scotia, but stated that ''the time frame is far too short for forebulge-related subsidence'' and attributed it instead to late ice masses. Ice of Younger Dryas age (11-10 ka) is not reported in coastal Maine, as it has been in Nova Scotia (Stea and Mott, 1989) . A second, lower amplitude peak also appears in the isostatic curve, coincident with a discrete episode of slower transgression (9.2-6.3 ka). We believe that this reduced rate of rise (less than 2 mm/yr) is due to a temporary increase in the rate of rebound: the advancing second peak uplifted the coast and partially negated the effects of eustatic rise.
Comparing sea-level change in Maine with the Scotian Shelf (Stea et al., 1994) and the St. Lawrence estuary, Quebec (Dionne, 1988) , we see clearly a common shape to the curves (Fig. 3 ). There is a progressively later offset of the highstand and subsequent lowstand to the northwest, as would be expected with the migration of a collapsing forebulge across the region. Rates of migration are estimated on the basis of the distance between these locations and the timing of their respective lowstands. The effects of late ice, however, complicate the sea-level history in Nova Scotia; the forebulge signal may be much cleaner on the central coast of Maine. Forebulge migration across Maine to the St. Lawrence estuary, in a direction perpendicular to isobases of uplift (Fig. 1) , is estimated at 7-11 km/100 yr (385 km in 3.5-5 ka), comparable to rates of 4.5-11 km/100 yr estimated in Newfoundland (Liverman, 1994) . The geographic dimensions (wavelength) of the forebulge remain unknown, but they must be considered along with the rate of migration. example, is the bulge a broad, fast-moving feature, or is it short and steep, but slow moving? Either could produce the observed isostatic signal. If the latter is true, one would expect that large lakes would have undergone lake-level changes and outlet switching as the forebulge first uplifted one end, then the other. A broad zone of uplift, however, would affect the entire lake simultaneously, and leave no discernible record. It is impossible to resolve these questions using data from a single locality; rather, we must examine sea-level and/or lake-level indicators from across the region.
Numerical analyses of former ice loads and patterns of ice retreat rely heavily on observations of relative sea level and numerous assumptions about the structure of Earth. Yet, by their very nature, sea-level studies are concentrated along continental margins, regions of structural heterogeneity that defy simple numerical description. Most models account only for depth-dependent changes (lithospheric thickness, mantle viscosity), not for lateral variability in the crust. In addition, they all incorporate a large grid size (at least 1Њ ϫ 1Њ) and are usually calculated at 1000 yr intervals. For example, a single cell in the ICE-3G model (Tushingham and Peltier, 1991) homogenizes the entire Gulf of Maine (9 ϫ 10 4 km 2 ), a highly tectonized region that spans the complicated transition between continental and oceanic crust. The coarse spatial and temporal resolution may explain local misfits between theoretical and observed values. Quinlan and Beaumont (1982) and Tushingham (1989) modeled lowstands of Ϫ15 and Ϫ34 m, respectively, not the observed depth of Ϫ55 m in the western Gulf of Maine. Tushingham and Peltier (1991, p. 4512 ) noted several anomalous sites in this region where ''from Nova Scotia to Cape Cod the quality of the agreements between ICE-3G predictions and the RSL data vary widely.'' These discrepancies may reflect local variations in Earth structure that can alter significantly the style of crustal deformation (Clark et al., 1994) .
EMPIRICAL MODEL OF ISOSTASY
We propose a simple, empirical approach to model the isostatic component of our local, rapidly changing relative sea-level curve. Modeling the shape of the profile normal to isobases at any one time helps to visualize the shape of the bulge, but it is a more involved model (cf. Driscoll and Karner, 1994) . Our approach is to consider a point on Earth's surface and examine its transient isostatic response through time. A physically reasonable model is that of an elastic slab overlying a viscous mantle (e.g., Clark et al., 1994) . The time-series response to an instantaneous removal of a point load can be modeled as a damped harmonic oscillator:
where z is elevation (m), z o is initial depression (m), T is period (ka), ␣ is an empirical viscous damping parameter, and t is the time after initial ice removal (ka). We use for data the difference between the Maine curve and the Fairbanks (1989) curve (Fig. 4) . Maximum submergence occurred at ϳ13 ka; ϳ170 m isostatic depression was required to meet the Fairbanks (1989) curve at 101 m below present sea level. This is, of course, only part of the total isostatic depression that would have occurred during maximum glaciation 18 -20 ka, when locally the Laurentide ice sheet was several kilometres thick (Denton and Hughes, 1981) . Rebound had slowed sufficiently to come into equilibrium with eustatic sea-level rise by 11-10.5 ka, creating a lowstand shoreline at Ϫ55 m. Later, sea-level rise accelerated, and then slowed, leveling off at Ϫ20 m at 9 ka (Fig. 3) . Thus, to a first order, the period, T, for equation 1 is 4 ka (the zero slopes of the curve occur ϳ2 and 4 ka after the initial time), and z o ϭ Ϫ170 m. The half-life of rebound decay is more difficult to estimate, but we choose 1 ka for an empirical test. Belknap et al. (1987) modeled isostatic response by using a half-life ranging from 1.5 ka (Andrews, 1968) to 0.7 ka (ten Brink and Weideck, 1974) . Parameter ␣ is calculated from the half-life t 1/2 :
Thus, if t 1/2 is 1 ka, then ␣ ϭ 6.93 ⅐ 10 Ϫ4 yr
Ϫ1
. For these derived values, equation 1 yields a theoretical rebound curve where general similarities in oscillatory shape compare favorably with the observed difference between the Maine curve and the Barbados curve (Fig.4) . In order to account for the differences in amplitude and offset of the theoretical transient curve, addition of a long-term rebound factor is required, a response to general regional deglaciation prior to 13 ka.
CONCLUSIONS
Radiocarbon-dated cores from a submerged shoreline firmly establish the time and space position of the relative sea-level lowstand in Maine (Ϫ55 m at 11-10.5 ka ). Following the lowstand, episodic acceleration and deceleration in rates of transgression are attributed to complex glacial-isostatic adjustments. On the basis of our data, we infer the passage of sublithospheric material back toward the center of former glaciation in the form of a peripheral forebulge (or bulges) up to 25 m in amplitude. Similar observations of forebulge migration, based on relative sea-level data, have been made in other areas. The timing of lowstands in Maine and Quebec, taken to represent the arrival of the forebulge, indicate migration rates of 7-11 km/100 yr. These empirical observations have important implications for models of crustal response to glacial unloading, and for the interpretation of fluvial and lacustrine records in formerly glaciated areas.
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